The transport of human adenovirus, nanoparticles, and PRD1 and MS2 bacteriophages was tested in fine granular limestone aquifer material taken from a borehole at a managed aquifer recharge site in Adelaide, South Australia. Comparison of transport and removal of virus surrogates with the pathogenic virus is necessary to understand the differences between the virus and surrogate. Because experiments using pathogenic viruses cannot be done in the field, laboratory tests using flow-through soil columns were used. Results show that PRD1 is the most appropriate surrogate for adenovirus in an aquifer dominated by calcite material but not under high ionic strength or high pH conditions. It was also found that straining due to size and the charge of the colloid were not dominant removal mechanisms in this system. Implications of this study indicate that a certain surrogate may not represent a specific pathogen solely based on similar size, morphology, and/or surface charge. Moreover, if a particular surrogate is representative of a pathogen in one aquifer system, it may not be the most appropriate surrogate in another porous media system. This was apparent in the inferior performance of MS2 as a surrogate, which is commonly used in virus transport studies. A quantitative study of virus transport and removal in aquifer material in the laboratory is a useful first step to investigating field studies. This study compared the transport of human adenovirus (HAdV), a common virus that causes childhood diarrhea, in small columns of fine granular limestone with three different virus surrogates: PRD1 and MS2 bacteriophages and 100-nm carboxylated polystyrene nanoparticles. This was done to assess the suitability of the surrogates for further investigations, possibly in the field, and to establish preliminary attachment and detachment rates for the colloids in the aquifer material, as well as defining a preliminary removal rate.
survival time, HAdV is a conservative pathogenic microorganism. A study in Barcelona, Spain, tested samples of effluent from a drinking water treatment plant next to the Llobregat River and found a 2 log 10 removal (two orders of magnitude decrease) of HAdV compared with the raw influent water; however, low concentrations of HAdV were still detected, whereas fecal bacterial indicators were no longer detected . Due to the persistence of HAdV, it can be used as an appropriate fecal indicator (Ahmed et al., 2010; . Although HAdV is present in the environment and demonstrates a higher resistance to environmental factors, few groundwater column test studies have been done using HAdV.
The PRD1 bacteriophage has been mentioned in groundwater studies as being a potential surrogate for rotavirus and HAdV Sadeghi et al., 2013; Sinton et al., 1997) . Mesquita et al. (2010) suggested that PRD1 may be the best available surrogate for pathogenic HAdV because of its size, structural similarity to HAdV, and its long survival time in the environment. It has been found to be very persistent in soil at ambient temperature (Blanc and Nasser, 1996) and could be a suitable surrogate for HAdV, which also has a very low inactivation rate in the subsurface environment (Sidhu et al., 2010) . PRD1 has even been shown to be more conservative than HAdV, exhibiting lower inactivation rates in soil (Davies et al., 2006) . Harvey and Ryan (2004) , in a mini-review on the application of PRD1 in colloidal transport studies, listed the many groundwater transport tests in the field as well as in the laboratory that have used PRD1. Transport studies in a limestone aquifer in the Florida Keys used PRD1 as a virus surrogate and found surprisingly fast travel times in the highly porous limestone bedrock, emphasizing the vulnerability of limestone aquifers to viral contamination (Paul et al., 1995 (Paul et al., , 1997 .
The MS2 bacteriophage is widely used as a surrogate for virus transport in groundwater because it is considered a conservative surrogate (i.e., it often overpredicts breakthrough [Schijven et al., 2003] , adding a safety factor) and it is of a similar size to many enteroviruses. Transport of MS2 has also been compared with that of nanoparticles. The MS2 and PR772 phages were compared with 20-and 200-nm carboxylated latex nanoparticles in fractured dolomite laboratory-scale tests (Mondal and Sleep, 2013) . The retention of MS2 was found to be lower than the retention of similarly sized 20-nm nanoparticles.
Carboxylated polystyrene nanoparticles are commonly used as surrogates to mimic transport of pathogenic microorganisms in groundwater experiments in the field (Bales et al., 1997) and in the laboratory . Pang et al. (2009) developed protein-coated 20-nm polystyrene nanoparticles to better mimic the transport of viruses in groundwater due to the similar surface charge of the protein-coated particles compared with the viruses.
Column tests in the laboratory using active viruses are not common because working with pathogenic microorganisms is more complicated and requires work in a biological safety laboratory. For this reason, it is not as common to perform column tests with the real pathogen in question. Several studies have done column tests to investigate the transport of viruses in groundwater to compare with the transport of corresponding surrogates. Hepatitis A, poliovirus, echovirus, coxsackievirus, and Norwalk virus have all been compared with MS2 in column tests. Sobsey et al. (1995) compared the retention of MS2 to that of hepatitis A, poliovirus 1, and echovirus 1 in small (10-cm) soil columns. Schijven et al. (2003) performed the first study showing the complete breakthrough curve of pathogenic viruses (coxsackievirus B4 and poliovirus 1) and compared the transport of these viruses with MS2. Even though poliovirus and MS2 are similar in size, there was a difference of 4 log 10 removal in the column tests, MS2 being more conservative and breaking through with very little or no removal. In contrast to poliovirus, coxsackievirus, which is also close in size to MS2, had removal similar to MS2. Redman et al. (1997) compared recombinant Norwalk virus (non-infectious) to MS2 and concluded that MS2 is not a good surrogate for Norwalk virus because their electrostatic properties differ, although they are of similar size and shape. To the best of our knowledge, very little attention has been given to HAdV in flow-through column experiments until recently (Kokkinos et al., 2015; Pang et al., 2014; Wong et al., 2014) , and, to date, there have not been any column tests in material taken from a deep aquifer or detachment tests under variable chemical conditions using HAdV.
The intention of this study was to determine the best surrogate for HAdV, and we considered three possible surrogates: PRD1, MS2, and 100-nm carboxylated polystyrene particles. The surrogates were chosen to test the influence of size, morphology, and surface charge on groundwater transport. Human adenovirus Type 41 has an icosahedral structure and a size of 68 nm (Pang et al., 2014) and is similar in structure and size to PRD1, which is icosahedral and 62 nm in diameter (Ryan et al., 1999) . MS2, which is 26 nm in diameter (Pang et al., 2009) , is also icosahedral, and its surface charge is potentially the most similar to that of HAdV. Human adenovirus is similar in size to, although slightly smaller than, the spherical 100-nm nanoparticles, but the icosahedral structure is not shared, nor is the surface charge thought to be similar. By testing these three surrogates in particular, we wanted to determine which mechanism is important for the removal of HAdV, for example, straining or electrostatic interactions. The other goal of our study was to observe the detachment of HAdV under high ionic strength (IS) and high pH conditions and to see if a surrogate, such as PRD1, would also detach in a similar manner.
Materials and Methods

Porous Medium
The aquifer material was collected from a MAR site in Parafield Gardens, Adelaide, SA, Australia (for more details, see Stevenson et al., 2015) . The tertiary limestone aquifer consists of fine granular limestone with some consolidated chunks. Aquifer material was obtained from core samples taken at a depth of between 170 and 180 m below ground surface. The core material was rinsed in deionized (DI) water and baked in an oven overnight at 80°C before sieve analysis. The material used in the soil column had a grain size of 150 to 250 mm with a median grain size of 200 mm.
Standard gravimetric methods were used to determine the effective porosity. Calculated from the amount of water and material packed in each column, the effective porosity was 0.46 ± 0.001 and the bulk density was 1.31 ± 0.003 g cm . The aquifer material consisted mainly of calcite (63%) and quartz (31.3%), with other minerals including microcline (1.6%), aragonite (1.5%), albite (0.7%), goethite (0.6%), pyrite (0.5%), ankerite (0.4%), and hematite (0.3%). Geochemical analysis of the material was done by X-ray diffraction analysis.
Column Experiments
The columns were wet-packed in 0.5-cm lifts, while being gently tapped along the side, and were packed with fresh material for each replicate test. Ten-centimeter-long glass chromatography columns were used with an internal diameter of 1.5 cm. A flow rate of 1.26 ± 0.19 m d −1
, mimicking the average flow rate in the aquifer, was injected at the top of the saturated column using a peristaltic pump (Masterflex), and the effluent was collected in test tubes at the outflow point at the bottom of the column. At least 50 pore volumes were pumped through the column before tests were begun to equilibrate the chemical conditions of the column. This was done so that the average pH between the influent and effluent solutions did not go above 8.3. The pH of the influent and effluent differed from the average by ±0.5. This was due to the constant leaching of carbonate during the column tests as a result of the high amount of carbonate minerals (calcite and aragonite) present in the aquifer material. The considerable variation of effluent pH observed (8.0-8.8 for the seven column tests; see Table 1 ) reflects the intrinsic variability of the amount of calcite and aragonite present in the material used for each column test.
The influent solution consisted of a 10 mmol L −1 NaCl solution, buffered to a pH of 8.0 ± 0.2 with NaHCO 3 . A small amount of Ca (0.5 mmol L −1 Ca 2+ as CaCl 2 ) was used in Run 1 with HAdV, with an overall solution IS of 10 mmol L −1 , to see if there was any effect from the Ca. The water temperature was kept at room temperature (22-23°C) because the groundwater in the aquifer is 23°C at a depth of 160 to 180 m (Dillon et al., 2008) .
Conservative tracer tests were done with 1 mmol L −1 NaNO 3 , and the effluent concentration of NO 3 − was measured by ultraviolet light absorption of NO 3 − ions by means of a UV-Vis spectrophotometer (Cary Series UV-Vis, Agilent Technologies) at a wavelength of 210 nm. Nitrate tests were performed before HAdV and PRD1 tests (but in the same packed columns) because the UV-Vis spectrophotometer was outside of the quarantine area for pathogenic microorganisms, and samples to be analyzed could not contain any pathogenic viruses. Forty milliliters (approximately 4.8 pore volumes) of the tracer solution was injected for each test.
For the detachment portion of the experiment, first 10 mL of DI water (buffered to a pH of 7.0) was pumped through the column (approximately 1.2 pore volumes), followed by 10 mL of a solution high in pH and IS, followed again by 10 mL of DI water. The high-pH, high-IS solution used was 50 mmol L −1 glycine and 1.5% beef extract with a pH of 10.
Colloidal Particles
Human adenovirus Strain 41 (ATCC VR-930) was cultured in LLC-MK2 (rhesus monkey kidney) cell line by the Pathology Centre, Western Australia. The virus was then harvested and frozen at −80°C until further use. PRD1 (ATCC 19585-B2; somatic, double-stranded DNA virus, Tectiviridae) was cultured on an Escherichia coli (ATCC 11775) host. MS2 (NCTC 12487; F-specific, single-stranded RNA virus, Leviviridae) and host bacterium E. coli K-12 Hfr (NCTC 12486) were obtained from the National Collection of Type Cultures (London). The propagation was performed according to methods of the International Organization for Standardization (1995) . Before using the phage stock suspension for the column experiments, it was filtered through a 0.2-mm membrane (Millex-GV, Millipore).
Yellow-green fluorescent carboxylated polystyrene nanoparticles (Fluoresbrite), with a diameter of 100 nm, were purchased from Polysciences Inc. These nanoparticles or microspheres are commonly used for microbial transport studies in groundwater (Knappett et al., 2008) due to their similarity in size and shape to pathogenic microorganisms and their strong fluorescent intensity.
Zeta Potential
The zeta potential of the porous medium was measured using a SurPASS electrokinetic analyzer (Anton Paar) based on a streaming potential and streaming current measurement (Luong Table 1 and Sprik, 2013). The zeta potential measured by the analyzer is related to the surface charge at a solid-liquid interface.
Colloidal particles were tested with an electrophoretic light scattering device (Zetasizer Nano ZS, Malvern Instruments Ltd.), and all measurements were performed at least in triplicate. The zeta potential measurements for both the colloidal particles and the aquifer medium were done in a solution of 10 mmol L −1 NaCl, buffered to a pH of 8.0 ± 0.2.
Enumeration of Colloidal Particles
Quantitative polymerase chain reaction (qPCR) was used to enumerate the HAdV and PRD1 present in the influent and effluent samples.
Polymerase Chain Reaction Primers and Standards
Human adenovirus were amplified using a previously published primer set (Heim et al., 2003) . The PRD1 primer set was designed in this study, targeting a major capsid protein gene (GenBank no. M55567.1) using Primer3 software. A homology search was performed against the GenBank database sequence similarity using the BLAST program (http://www.ncbi.nlm.nih.gov/ BLAST/). The analysis indicated that the designed primer pair was specific for the PRD1 bacteriophage. The forward primer used was PRD1 JSF1-AAACTTGACCCGAAAACGT (starting position 952) and reverse primer PRD1 JSR2-CGGTACG-GCTGGTGAAGTAT (starting position 1153).
The PCR-amplified products (i.e., cDNA/DNA) were purified using the QIAquick PCR purification kit (Qiagen) and cloned into the pGEM-T Easy Vector System (Promega), transferred into E. coli JM109 competent cells, and plated on LB agar ampicillin, isopropyl-b-d-thio-galactopyranoside, and X-Gal (5-bromo-4-chloro-3-indolyl-b-d-galactopyranoside) as recommended by the manufacturer. Plasmids were purified using a plasmid mini kit (Qiagen).
Purified plasmid DNA containing the PRD1 and HAdV inserts were quantified using a NanoDrop ND-1000 UV-Vis spectrophotometer (Thermo Fisher Scientific). Plasmid copies were calculated and a 10-fold serial dilution was prepared in DNase-and RNase-free water to a final concentration ranging from 10 0 to 10 6 copies mL
; aliquots were stored at −80°C until use. A 3-mL template from each dilution was used to prepare standard curves for qPCR.
Polymerase Chain Reaction Amplification
Quantitative PCR reactions were performed on Bio-Rad iQ5 (Bio-Rad Laboratories), using iQ SuperMix (Bio-Rad). Each 25-mL PCR reaction mixture contained 12.5 mL of SuperMix, 120 nmol L −1 of each primer, and 3 mL of template DNA. Bovine serum albumin was added to each reaction mixture to a final concentration of 0.2 mg mL −1 to relieve PCR inhibition (Kreader, 1996) . For each PCR run, corresponding positive (i.e., target DNA) and negative (sterile water) controls were included. Thermal cycling conditions for PRD1 were: initial denaturation at 95°C for 5 min, followed by 40 cycles at 95°C for 10 s, 60°C for 10 s, and 72°C for 10 s, with a final extension of 5 min at 72°C. Thermal cycling conditions for HAdV were as outlined by Sidhu et al. (2010) . A melt curve analysis was performed after the PCR run to differentiate between actual products and primer dimmers, and to eliminate the possibility of false-positive results. The melt curve was generated using 80 cycles of 10 s each, starting at 55°C and increasing in 0.5°C intervals to a final temperature of 95°C. The melting temperature for each amplicon was determined using the iQ5 software (Bio-Rad).
Polymerase Chain Reaction Reproducibility and Limit of Detection
The reproducibility of the qPCR was assessed by determining intra-assay repeatability and inter-assay reproducibility. The coefficient of variation (CV) was calculated using six dilutions (10 6 -10 0 gene copies) of the PRD1 and HAdV plasmid DNA. Each dilution was tested in triplicate. The CV for evaluation of intra-assay repeatability was calculated based on the threshold cycle (C T ) value by testing the six dilutions six times in the same experiment. The CV for inter-assay reproducibility was calculated based on the C T value of six dilutions on six different days. To determine the qPCR limit of the detection, known gene copies (i.e., 10 6 -10 0 ) of the PRD1 and HAdV were tested with qPCR. The lowest number of gene copies that was detected consistently in replicate assays was considered as the qPCR limit of detection.
Enumeration of MS2 Bacteriophage
The enumeration of infectious MS2 was performed by means of a double-layer plaque assay according to methods of the International Organization for Standardization (1995) . Briefly, working cultures of the host bacterium were inoculated in Tryptone-yeast extract-glucose broth and incubated at 36 ± 2°C in a water bath while shaking. When the optical density reached a cell density of approximately 10 8 colony-forming units (cfu) mL −1 (based on the data obtained in prior calibration measurements), the inoculum culture was taken from the incubator, immediately placed in melting ice to avoid the loss of F-pili by the cells, and used within 2 h. Semisolid Tryptoneyeast extract-glucose agar (ssTYGA) bottles were prepared in advance, and the melted agar was kept in a water bath at 45 ± 1°C. A solution of calcium chloride glucose, prepared with 3 ± 0.1 g of CaCl 2 ×2H 2 O and 10 ± 0.1 g of glucose per 100 mL of DI water, was aseptically added. Supplemented ssTYGA in 2.5-mL aliquots were dispensed in capped culture tubes placed in a water bath until used. To each tube, 1 mL of the sample, or dilutions thereof, and 1 mL of the inoculum culture were added. Finally, tubes were carefully mixed and poured over the surface of Tryptone-yeast extract-glucose agar plates, distributed, and allowed to solidify. The plates were incubated upside-down at 36 ± 2°C for 18 ± 2 h, and the plaques were counted. Positive and negative controls were performed for each test series.
Even though qPCR was used to enumerate HAdV and PRD1, which does not indicate only infectious viruses but rather enumerates all gene copies present dead or alive, we can assume that for the short time period of the experiments, inactivation was minimal. As mentioned above, HAdV and PRD1 can survive for long periods in the subsurface. For the column tests using MS2, inactivation batch tests were performed to monitor the MS2 suspension, which remained stable throughout the duration of the experiments; however, inactivation may have been caused when the MS2 came into contact with the porous medium, resulting in an underestimation of MS2.
Enumeration of 100-Nanometer Particles
The 100-nm nanoparticles were enumerated using a Nikon Eclipse 8000 epifluorescence microscope with a 100´ magnification objective (final magnification: 1000´). The microscope is equipped with an automatic stage that can be driven by the user such that the whole filtration area can be scanned. One hundred microliters of each sample was pipetted onto a filter area 4 mm in diameter, delineated with a fine black permanent marker, on a white Millipore Isopore membrane filter with a pore size of 0.05 mm. The filter was then placed on a metal holder (AES Chemunex, bioMérieux) with 10 mL of phosphate buffer solution to hold the filter in place. Scanning the whole 4-mm-diameter area delineated in black allowed a detection limit of one nanoparticle per 100-mL sample; however, the limit of quantification is higher due to random sampling error (intrinsic variability) and operational variability (four particles per filter if a relative precision of 50% is accepted [Stevenson et al., 2014] ). This method of scanning the whole filter has been used by Knappett et al. (2008) to enumerate 1.5-mm carboxylated polystyrene particles, and Bales et al. (1997) used an epifluorescence microscope to count 100-nm carboxylated polystyrene particles (although not on the whole filtration area).
Data Analysis
Filtration Efficiency
The removal of the particles was quantified using colloid filtration theory, which calculates the collision efficiency, a (dimensionless), and can be determined from the following formulas: (Pieper et al., 1997) 
[1] ( )
where ]. The value of RB was estimated by integrating the area under the breakthrough curve; U and l are needed for the calculations of h and a. The measured flow rates were used for the U values, while l was found by simulating the colloid breakthrough curves in HYDRUS-1D (Šimůnek et al., 2013) . The h and a values were calculated based on the equations of . A Hamaker constant of 7 ´ 10 −21 J for PRD1 (Ryan et al., 1999) was used for both PRD1 and HAdV. A buoyant density of 1.085 g cm −3 was used by Hijnen et al. (2005) to represent MS2 and E. coli, which covers the size range of our microorganisms. Equation [1] is useful for colloid transport in field studies, whereas Eq. [2] is more appropriate for column studies. Both equations were used for comparison because Eq. [1] has the advantage of calculating a with the relative mass recovery (RB), which includes the attachment and detachment portion of the breakthrough curves. Equation [1] was applied to the observed data to calculate a because RB could be determined; however, for Eq. [2], the maximum value from the HYDRUS-1D modeled values was used for C/C 0 due to the fact that the observed values did not produce a steady C max . Equation [3] was also used for comparison because it is calculated using the first attachment rate coefficient, k a1 , and is not dependent on steady breakthrough.
Transport Modeling
The software package HYDRUS-1D (Šimůnek et al., 2013 ) was used to model the breakthrough curves of the conservative tracer, NO 3 − , and two of the colloids tested: HAdV and PRD1. Advection-dispersion equations for colloid transport are implemented in a numerical model using a two-site attachment-detachment model and the following formulas (Schijven and Šimůnek, 2002) :
where C is the concentration of the tracer [M L ] at the first and second kinetic sorption sites. To determine the bias, the observed breakthrough curve was compared with the modeled curve by finding the logarithm of the difference of the averages as well as of the 95th percentiles. Inactivation was not modeled because, for the short duration of our experiments, inactivation was not an issue for HAdV and PRD1.
Results and Discussion
Porous Media and Colloid Characterization
Zeta potential (ZP) measurements were done for all colloids in 10 mmol L −1 NaCl, pH 8.0 ± 0.2, and the ZP was found to be −15.0 ± 2.0 mV for the HAdV used in this study. Wong et al. (2012) measured a ZP of approximately (read from a graph) −24 mV for HAdV Serotype 2 in 10 mmol L −1 NaCl at pH 8. Pang et al. (2014) measured ZPs of −24 and −27 mV for purified HAdV Type 41 and MS2, respectively, in 2 mmol L −1 NaCl at pH 7. The MS2 used in this study had a ZP of −16.6 ± 1.3 mV, which was most like the ZP of the HAdV, and PRD1 had a ZP of −7.8 ± 2.6 mV. The ZP of PRD1 was measured to be −9.8 mV by Mesquita et al. (2010) .
In our study, the 100-nm carboxylated polystyrene nanoparticles had a ZP of −70.4 ± 2.8 mV compared with approximately −42 mV (read from a graph) measured by Pang et al. (2009) for 20-nm carboxylated polystyrene particles (Bangs Laboratories, Inc.) in 1 mmol L −1 NaCl at pH 8 and −37 mV for 70-nm carboxylated silica particles (Micromod Partikeltechnologie GmbH) in 2 mmol L −1 NaCl at pH 7 (Pang et al., 2014) . The studies using nanoparticles chosen for comparison differ from our study by similarity in particle material (Pang et al., 2009 ) and size (Pang et al., 2014) , but measurements of ZP can also vary depending on the ionic strength and pH, as well as the measuring instrument used and the colloid manufacturer. In the two studies mentioned for comparison, the measuring instrument was the same as that used in our study, although the colloid manufacturers differed as did the solution chemistries.
Our measurements of ZP were generally less negative (except for the 100-nm particles) than the measurements found in comparable studies; however, the measurements relative to each other (i.e., nanoparticles were most negative, PRD1 least negative) were consistent with other studies. The ZP of the porous medium used in our study was −38.7 ± 0.9 mV. Table 1 lists the test conditions and measured parameters for each of the seven column test runs. Log-removal (log 10 of C max /C 0 ), which is not dependent on detachment because it is only looking at the initial attachment phase, was highest for the 100-nm particles and MS2. The log-removal of PRD1 was slightly higher than that of HAdV. Run 1 for the HAdV had the least log-removal, even though 0.5 mmol L −1 Ca 2+ was added to the solution, which usually causes more colloidal removal (Bales et al., 1991; Sadeghi et al., 2013) . Our system was dominated by calcite, and it may be that adding a small amount of Ca 2+ produced a negligible effect.
Column Tests
No clumping of the 100-nm particles was observed under the microscope, but the number of nanoparticles that did break through was below the limit of quantification. The 100-nm particles, being the largest of the colloids tested, may have been subject to straining, although this seems unlikely due to the small ratio of colloid diameter to mean grain size (<0.0017) (Bradford et al., 2002 ). An exception has been hypothesized by that angular porous media, such as the material used in this study, can result in irregular packing, which in turn can cause much smaller pore spaces than those predicted using the mean grain size. Nevertheless, if straining were the only removal mechanism, then the much smaller MS2 would have broken through significantly more than the 100-nm particles, which was not the case in our study. This is difficult to confirm without quantifying the surface inactivation rate of MS2 that came into contact with the porous medium.
Filtration Removal of Colloids
Colloid filtration theory was used to compare the removal of HAdV to that of PRD1. The contact efficiency (the ratio of the rate at which colloids collide with the porous medium to the rate at which colloids flow), h, was 0.19 for both PRD1 tests and 0.14 for all three HAdV tests (Table 2) . This means that, in theory, there were more collisions of PRD1 with the granular limestone. The collision efficiency (the number of successful contacts that result in attachment divided by the number of collisions) was calculated using three different equations: for field tests (a 1 ), for column tests (a 2 ), and using the first attachment rate coefficient (a 3 ). The results (Table 2) show that a 1 was lower for the PRD1 tests than for the HAdV tests, demonstrating less removal by attachment to the porous medium or more detachment of PRD1. Because a 1 is dependent on the relative mass recovery (RB), it also reflects the higher detachment of PRD1 under highpH conditions relative to HAdV. Additionally, Run 3 was run for twice as long as Run 2 and should have more detachment; this is reflected in the relatively lower a 1 values for Run 3. Run 1, which was only run for the attachment portion of the experiment, had the highest a 1 value.
The values of a 2 and a 3 are higher than the a 1 values (with the exception of Run 1 [no detachment] and a 3 for HAdV, Run 3) because detachment is not taken into account, hence the higher removal. Similar to the a 1 values, the a 2 and a 3 values are higher for HAdV than for PRD1. This further supports the claim that there was less removal of PRD1. In contrast, Fig. 1B appears to show that there was less removal of HAdV by an order of magnitude. This ambiguity infers that PRD1 may not be a perfect surrogate for HAdV but the best of the surrogates tested. Even though detachment was not taken into account, the values of a 2 and a 3 are lower for Run 3. Thus, it appears that not only did detachment cause less removal for Run 3 but there was also less attachment. The averages and standard deviations of the three collision coefficients are shown in Table 2 and demonstrate the high variability of the calculated a values.
The values of h and a were not calculated for MS2 or the 100-nm particles because the breakthrough was almost entirely below the limit of quantification for these colloids. Table 2 . Comparison of collision coefficients in experiments using human adenovirus (HAdV) and bacteriophage PRD1: observed relative mass recovery including detachment (RB), single collector factor (h), collision coefficient for field including detachment (a 1 ), collision coefficient for column tests (a 2 ), collision coefficient calculated from the first attachment rate coefficient k a1 (a 3 ), average of three collision coefficients (a avg ), and standard deviation of the collision coefficients (SD). 
Transport of Colloids
Modeling
To characterize the transport of HAdV and the surrogates in the porous medium, we attempted to model the breakthrough curves using HYDRUS-1D. Our intention was to model the NO 3 − breakthrough curves to determine the flow rate and dispersivity; however, this turned out to be a challenge. Therefore, different flow rates and dispersivities were used for the conservative tracer and the colloids, as can be seen in Table 3 .
The pore water velocity (n) and dispersivity (l) of the conservative tracer and the colloids were calculated separately because the granular limestone was quite diverse in shape and would not result in a uniform packing. In some heterogeneous material, size exclusion of the colloids can play a role and colloidal transport can be controlled by advective processes, with less l than solute tracers and higher n (Pang et al., 2005) . This effect was seen in our material where the conservative tracer (NO 3 − ) had n values of 0.10 to 0.11 cm min −1 and the colloids 0.13 to 0.15 cm min −1 . The l of the NO 3 − tracer was modeled to be 0.09 to 0.15 cm and all the colloids had a l of 0.08 cm. Because the NO 3 − tests were analyzed outside of the quarantine area used for pathogenic microorganisms, it was necessary to run the conservative tracer test ahead of the test using the pathogenic viruses. Consequently, it is possible that the tests were run slightly slower or faster, but this was considered negligible because the sample volumes were consistent. The breakthrough of the viruses preceded the breakthrough of the conservative tracer, demonstrating preferential flow due to the heterogeneous nature of the material and packing. This is known as velocity enhancement (Pang et al., 2005) , when the preferential flow path acts as a high-speed motorway for the colloids while the solute slowly disperses into the smaller pore spaces.
The data from the colloid column experiments was scattered, a challenge when quantifying low-concentration samples, which can have relatively high intrinsic variability, and almost impossible to model. Only the constant IS portion of the breakthrough data was modeled. Figure 1 shows the breakthrough curves for all the HAdV and PRD1 tests. PRD1 appears to attach and detach more than HAdV, and the attachment and detachment values are the same or slightly higher for PRD1, except for the secondary attachment and detachment coefficients for Run 2 (Table 3 ).
The R 2 values for the HAdV tests ranged from 0.16 to 0.26, while the R 2 value for both PRD1 tests was 0.03, which signifies that there was almost no fit at all. Therefore, as an alternative method of comparison, the logarithms of the differences of the averages and 95th percentiles were calculated and are displayed in Table 3 .
There was minimal to no breakthrough for column tests done with MS2 and the 100-nm particles; breakthrough was below the limit of quantification. A lower count of MS2 might be expected due to the fact that plaque-forming analysis generally enumerates fewer microorganisms than qPCR but, on the contrary, Pang et al. (2014) found that MS2 (enumerated by plaqueforming analysis) exhibited higher breakthrough in saturated sand columns than HAdV (enumerated by qPCR). Even so, it has been shown that media containing Fe oxides (e.g., pyrite, hematite, and goethite) can cause surface inactivation due to the strong electrostatic interaction with negatively charged viruses and is more notable in the inactivation of MS2 relative to PRD1 (Ryan et al., 2002) . The breakthrough of the nanoparticles was also quite low, probably because the nanoparticles had a very negative surface charge (approximately −70 mV), even though the limit of quantification for enumerating the nanoparticles was very low (four particles per filter based on Poisson distribution; Stevenson et al., 2014) .
Due to the low breakthrough, we did not attempt to model the breakthrough curves for MS2 or the 100-nm particles. Interestingly, MS2 is usually used as a conservative surrogate, although in our study it was the least conservative, along with the 100-nm particles. The fact that MS2 and the 100-nm particles broke through minimally demonstrates that straining was not a removal mechanism and that the size and structure of PRD1 influenced attachment more than the surface charge.
Detachment of Viruses
Attachment of viruses was very reversible. Column elution tests were done by alternating injection of 1.2 pore volumes of DI water and 50 mmol L −1 glycine (1.5% beef extract) at pH 10. Figure 2 shows how the HAdV and PRD1 colloids attach and become a constant source of contamination that can be aggravated by changes in the chemistry of the influent water, i.e., high IS and pH. Interestingly, PRD1 detaches much more than HAdV and is less negatively charged than HAdV, hence is not as strongly bonded to patches of positive charge present on the surface of the aquifer material. Relative to PRD1, HAdV detaches minimally (see Fig. 2 ) after a cycle of DI water and glycine, which is apparent in the lower relative mass recovery of HAdV. Both tests show that the relative mass recovery of HAdV is an order of magnitude lower than that of PRD1 (Table 2) . For Run 2, HAdV and PRD1 had a lower relative mass recovery compared with the other test runs because this test had a much shorter duration: 54 compared with 109 pore volumes.
During the detachment tests, two peaks occurred (Fig. 2) , at 31 and 34 pore volumes for the first run and at 87 and 89 pore volumes for the second run. The beginning of injection of the two DI water cycles was approximately two pore volumes apart, and the two detachment peaks are separated by two to three pore volumes. The second peak, for both test runs, coincided with a significant amount of brown material observed in the effluent samples. There was no suspended fine material observed in the samples taken during the first peak. The release of aquifer material during the second peak indicates that the high-IS water followed by DI water caused the release of viruses with, and perhaps attached to, the aquifer material.
A study by Bradford and Kim (2010) looked at the effect of different cycles of DI water and high-IS water on the removal of clay. They found that the highest clay removal occurred during the DI phase and that the most clay was removed when the highest IS was injected just before the DI. They used 0.1, 1, 10, and 100 mmol L −1 NaCl, as well as 100 mmol L −1 CaCl 2 . Tosco et al. (2009) also found that colloids were released during the DI water phase of an experiment. They injected carboxylated latex microspheres into sand columns with different IS solutions (1-300 mmol L −1 NaCl at pH 6.8), followed by a flushing of DI water, to test the effect of IS on the transport and release of colloids. They found the highest release of colloids during the DI phase after high-IS (30-300 mmol L −1 ) experiments, and they observed that no particles were released after a solution with an IS of 1 to 10 mmol L −1 followed by DI water. Whereas in the studies by Bradford and Kim (2010) and Tosco et al. (2009) the release happened during the DI water injection, our system exhibited a delayed response, which may have been due to the different porous media used. The two studies mentioned used columns of sand, while in our study the material in the column was 63% calcite. The naturally occurring Ca 2+ added complexity to chemical changes in our system. Our detachment experiments show that strongly attached HAdV could be a constant source of contamination in a limestone aquifer and could cause a constant slow release of viruses and a large release when aggravated by changes in groundwater chemistry.
Conclusions
Managed aquifer recharge is becoming a popular initial treatment option for drinking water due to its efficiency and low costs; however, injecting stormwater runoff into the subsurface can introduce pathogenic microorganisms into the groundwater. Our study considered the transport of HAdV in the subsurface and compared the transport and removal to various surrogates that are diverse in size, morphology, and surface charge. Of the three surrogates tested, PRD1 was the best surrogate for HAdV. MS2 and the 100-nm carboxylated polystyrene particles showed minimal breakthrough and did not mimic the transport and removal of HAdV. We looked at the dominant mechanisms of removal and the possible colloid characteristics that could influence this. With MS2 and the 100-nm particles, we tested the possibility of straining being a mechanism. If straining were an issue, then the MS2 would have broken through more than the other three colloids, which it did not. Because MS2 was not transported like HAdV, we can also conclude that surface charge is not a dominant factor. PRD1 has a similar size, shape, and structure to HAdV and was the best surrogate for aquifer material dominated by calcite, but it could not model the magnitude of detachment of HAdV under high-IS, high-pH conditions. Therefore, size, morphology, and perhaps the surface macromolecules are the dominant characteristics that control the fate and transport of HAdV in fine granular limestone material. This study demonstrates the importance of testing the surrogates and comparing them with the real pathogenic microorganisms in laboratory tests using the aquifer medium from the site under consideration. Implications of this study could influence how field tests using bacteriophages and nanoparticles are interpreted.
